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Three-Dimensional Computer Modeling of Dynamic

Reconnection in the MagnetotaLl

Joachim Birn

LOS fiamos National Laboratory
1

Abstrac~

Two- and three-dimensional computer models of the dynamics of the

rnaqnetosphere and in particular the magnetotail have shown, that the basic

features of the idealized linear or steady state reconnection theory are etill

found in time dependent and spatially ❑ore complicated configurations such as

the magnetotail, which basically resembles a plane sheet pinch but in addition

has small magnetic field

flaring and variations along

These basic features are

components perpendicular to the sheet, field line

both directions parallel to the current sheet.

the formation of a magnetic neutral X-line or

separator, where two surfacefiseparating magnetic fluxes of different topology

irltersect,wi;h the generation of an electric field along the separator and the

produc~ion of strong plasma flows parallel to the current sheet away from the

separator in oppocite directions.

In addition, the computer models of magnetotail dyrlamicshave produced

many large scale features that are directly ob6erved or deduced from

obscrvution in relation @th magnetoapheric aubstorme. Among those fed~Ur08

are: the thinning of the plasma sheet, the formation of a plasrnoid,a region of

closed magnetic loops detached from Earth, which moves tailward at a epeed of

several hundreds of kmlsec, and the generation o’f field-aligned currente.
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In view of-the recent discovery of plasmoid

magnetotail at about 200 RE from ISEE-3 satellite

signatures in the distant

measurements, we discuss the

properties of the plasmoid in the computer simulations, in partic(llar its

topology, spatial extent and speed, the c!lrrentsystem associated with it and

its local appearance at a fix%d locatior~in space. Furtherinore,we discuss the

~onversion of the energy flux around the separator, current deviations and the

occurrence of field-aligned currents and their generation by shear flows.
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10 Introduction

MHD conputer

reconnection in the

to show that indeed

models

earth’s

have been used

magnetosphere and

.

with great success to model

nagnctotail. They have been able

reconnection can be z very powerful converter of magnetic ,

energy into kinetic energy by a topological change of the magnetic field

configuration cor.nettedtith the formation of magnetic neutral lines. The

typical flow pattern around the X-type neutral line or separator predicted by

steady statemodels (Sweet, 1958; Parker, 1963; Petschek, 1964) was fount:for a

variety ~f different initial and boundary conditions and resistivity models.

The major drawback of these large scale models so far is that the

diffusion process that i , necc.ssaryto enable reconnection was based on some

more or less ad hoc model of anomalous resistivity. Whereas this probably has

not much effect on the large scale spatial structures of the models, resistive

MID theory has its limitations when finer scales in space and time are

considered. In particular, the time ~~ale of the instabilities ,depends

basically on the more or less arbitrary rebfstivity and the resistive KHE

models cannot tell what actually happens tithin the so-called diffusion region,

where deviations from the ideal Ohm’s law E + ~ x B = O arc important.

There are, however, still many features and structural details, not

present in the simplified reconnection theories, that can be ?xplained by ●

time-dependent MHD model using more realistic two- ani three-”dimensional

geoneLries. In this paper we till di6cusa thoee features on the basiu of

three-dimensional MMD simulations of reconnection in the mag~etota,il. In vi~w

of the discovery of plaemoicloignaturetiin the distant tail (Hones et ●l.,

1983) the emphasis will be on the properties of the plasmoid found in th,

corputer simulaLiona, its topology, spatial extent and speed, the current

sy9Lem associated with it and iL~ local appearance at different fixed
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locations. Furthermore, we will discuss current deviations in the reconnection

region, the generation of field-aligned currents, and the energy flux in the

reconnection region.

2. The model, initial and boundary conditions

The computer model uszs an explicit leapfrog scheme to solve the

non-linear timedependent MND equations including constant resistivity. (For

more det.nils,see Birn and Hones, 1981; Birn, 1976).

The initial configurations are self-consistent three-dimensional

equilibrium models of the rnagnetotail(Birn, 1979) as shown in Figure 1. The

figure shows a quarter cross-section of the tail with the earth somewhere to

the left. Full lines with arrows indicate magnetic field lines and the hatched

region indicates the plasma sheet. The width of the plasma sheet is defined

here not by the transition from closed plasma sheet field lines to open lobe

field Iinea but by the s?aling distance on which, for instance, the plasma

pressure drops by some fbctor 2 or 3. Tilemodel still basically resembles a

plane onedimensional eheet pinch. There are, however, small, but possibly

important, deviations. The first one ie tho presence of a small normal

magnetic field component in the z direction, which is positive in the neutral

sheet and become negative in the lobec. This is connected with a flaring of

the lobe field lines and a decrease of field strength with ‘disLance from the

earth. The second one is the presence of a y component of the magnetic field

which leada LO a flaring also in the y direction adding to the decrease In

field etrengLh. The third one is a variation (here increase) of plasma sheet

thickne88 and correspondingly the nomal field Rz across the tail in the y

direction toward dawn and dusk, This is optional and we will compare it’s

effect by cclmparisonwith eimulationa titartins from a configuration huL;lout

such variation (but ELill presence of Bz and By and Lhe corresponding flaring).



.. -5-

The actual computation system was a rectangular b= (indicated by dashed

lines). The size of the box was 10 units in the y and z directions and 64

units in the x direction, all expressed in terms of the typical scale length

(pldsma sheet half ‘width) in the z direction. Asuming a scale length of 2 to

3 RE the system is close to the actual size of the magnetotail with a length

/Jomijarableto the distance recently explored by the ISEE 3 satellite. Symmetry

was imposed at the boundary planes y-O and z=O. At the other boundaries we

kept “the normal magnetic field fixed”and set the velocity equal to O. Thie!is

of course not realistic, it corresponds, however, to the boundary condition

usually used for stability analysis and is probably the most stable one.

3. The timedependent evolution

The timedependent evolution of the system is initiated by the occurrence

of (anomalous) resistivity which causes the system tc diffuse slowly. Out

the perturbations grow the tearing-like instability on a faster time scale.

We will discuss the evolution and the influt!nceof several paremetere

of

“in

t?.,?model on the basis of fotlrdifferent rune (see Table 1). These parameters

are:

1) The increase of the plasma sheet thickness and the magnitude of Bz with

)Iyl expressed by the factor .

2) The Icbe density m ; in ihe numerical code, a finite lobe density,

somewhat higher th~- real, has to be imposed in order LO limit the wava

?rOIJa&EitiOCI speed which determines the maximum possible time step; the

Valua of n~ given in Table 1 is nomalized by Lha difference between

the maximum p’.auma8hect density and the lobs density. Since constant

temperature is asf3umerl, nL also represents the lobe presaute normalized

in .he same ray as t.bedensi’.y.
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3) The resistivity, which influences the time scale of the unstable growh

and possibly algo the wave length of the most unstable mode. The

parameter S in Table 1 is the magnetic Reynolds number or Lindquist

number which is equal to the inverse resistivity in normalized units.

As a reference case we use the evolution of the fields as publist,edby Birn and

Hones (1981), case A of Table 1, shown in figure 2 and 3. Figure 2 shows

magnetic field lines in the midnight meridian plane (y-O) for different times

(in units of a typical Alfvcn travel time of about 10-15 see). We can see

plaaaa stieetthinning, and the formation of closed magnetic loops, the plasmoid

that subsequently moves tailward. The structures within the plasmoid may or

❑ay not be related to reflections at the far boundary which was assumed to be

closed in this run. We will see l&ter that there are characteristic features

probably not caused by boundary effects.

The evolution of the velocity field is shown in Figure 3 in the equatorial

plane z - 0 by arrows representing velocity vectors. The earth is again to the

left. The maximum length of the vectors

Alfvan speed of the order of 1000 km/see.

neutral line, which consists of X-pointe in

the tailward part of a closed line, We can

corresponds roughly to the,typical

The dotted line indicatt!s the

its earthward part and O-points in

see that reconnection and the

occurrence of fast flow are restricted in the y direction to about half the

width af the tail or less. To de)fionstratethe caus? for this result we compare

this figure with the corresponding figure resultng from run B without the

plasaa sheet thickening toward the flanks of the tail.,shown in Figure 4 in the

cant kind of rapraeentation as in Figure 3. We see that now reconnection and

fast flow exLends acroos the hole tall ●ven though We uged L:le very

r@SLriCtiVe boundary cofiditicns~=0 at the bounhary in y.
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The magnetic field evolution of Lhis case is shown in Figure 5 again in

the X,Z plane. It looks very similar to the evolution of the reference case

(Figure 2). Remarkable, however, is the more pronounced dent at the near earth

end of the plasmoid. This is most likely not a result of reflections at the

Lailward boundary. A very similar result was obtained by Sato and Hayashi

(1979) in a simulation of driven reconnection ~th open bo~dary conditions.

The cause of this dent is a reversal of the current direction in this region

.
which till be discussed later. Notice that a satellite crossing tF.i9 region

would see an apparent neutral sheet crossing.

YOW let us study the effect of the enhanced lobe density. Figure 6 shows

the nagnetic field

very similar to

the characteLLstic

structure. l%is

evolution for case C with reduced lobe density. It it3again

the previous figures. Figure 6, however, shows more clearly

wavelength in the x direction leading to a multiple island

waviness was also present in the first example but could not

be seen in the magnetic field figure. The wavelength is very close to the

wavelength of the mode that is expected to grow fastest in the linear tearing

theory of J one-dimensional current sheet for & magnetic Reynolds number S“20G

as used for the simulations discussed so far. This wavelength should incre~se

vith increasin8 magnetic Reynolds number proportional to #40 We have

therefore perfomed another run with SM1OOO, run D of Table 1, also to see the

effect on the te~poral evolution. A part of the ●volution is shown in Figure 7

in the same format as Figures 2, 5, and 6. The first thing to point out is the

time scale of thu figures shown at Lhe right aide. Becauce of the slower

diffusion it takes much longer for the instability to 8row from the “diffu6ion

noise”.
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The next thing to look for is the wavelength

directicn. It is similar LO that in Figure

of

6,

the structure~ in the x

actually even a litLle bit

shor~er. ~is indicates that the wavelength of this characteristic wave is

the typical resistivity dependent wavelength of the fa~teat

tearing mode as in usual line%r tearing theory. It seems possible that these

waves actually represent ideal MHD modes which produce multiple neutral lines

only as a side effect when resistivity allows it. fie fact that stable waves

of similar periods of 5-10 minutes are a common feature in nagnetotail

observations support this view.

The third feature present in run D is the filaaentation in the z direction

which starts as a dent ‘.nthe near earth end of the p,lasmoidand leads to the

formation of multiple islands also in the z direction. It is difficult fron

single satellite observations in a configuration like this to identify “neutral

sheet” crossings. It is very unlikely that these featurea are caused by

boundary reflections because the plasma does not hit the right boundary before

the time of the laat frame.

Now, let us sea what the magnetic field evolution wuld look like at soae

fixed locations within the system. Figure 8 shows Lhe ●volution of the

magnetic field strength (bottom) and the inclination of the field with time at

a locaLlon Y’-()in the midnight meridian plane at z - !.1 RE above the neutral

sheet (z - 0) for case C. We have assumed that the initial scale length

(plasma sheet half width) is Lz = 2 RE which accounts for sone gradual thinning

befors onset of the unstable ●volition. This location is Lhus well within the

original plama sheet. The magnetic field has been scaled by some unit, ~!lich

can be chosen arbitrarily, to resemble the actually observed valuen. The

different curves give the evolution at different locations in x tailxnrd fron

the main X-1ine. The solid lineg correspond 10 a distance of 12 RE
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repres~lting maybe what ISEE 1 or 2 would obserue within this system, the

dashed lines correspond to a distance of 36 RE closer to typical IMP 6, 7, and

8 locations, and the dotted and

RE and 84 ~E, respectively, not

by ISEE 3, but qualitatively in

Let us start with the solid

there is only a slight southmrd

formation of the neutral line

iash-dotted lines correspond to distances of 68

quite as far as the most distant obsemations

that direction.

and dashed curves. The inclination shows that

dipping of the field starting at about the

in the nearest location. At the same time the

field strength starts to increase Aich bqsically shows that the plasma sheet

thins and a satellite ●nters the lobe region. ‘I’heobservations in the far tail

as shown by the dotted and dash-dotted curves are quite different: we can see

first an ●nhanced northward field vhich can become inclined by a large anzle

followed by strongly southvard field marking the arrival of the plasmoid. We

can also see a periodicity of roughly six minutes which can be related to

multiple neutral lines. At the same time the field strength within the

?las.]oid is reduced and highly variable. ‘thisresult is very similar to the

ac~tii observations. Lui ●t al. (1977) pointed out that magn~tic signatures

on LilPa. substom expansion and plasma sheet thinning mostly consist ody of a

slight south~ard dipping. Indeed, a satellite has to be very close to the

neutrdl sheet in this model

hand, the plasnoid signatures in

19?3) are renarbbly si~.ilar

to see strongly southuard field. On the other

the far tail as seen by ISEE 3 (Hones ●t ●l.,

to those in the cnmpuLer model: the strong

northward inclination follo~d by strong southward inclination. Wen the

periodicity of 5 to 10 minutee and multiple neutral line passages are ● common

feature.
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Figure 9 shows a similar evolution at Lhe same l~cations in x but at some

higher distance above the n ,ltral:-~.=ct, z = 2.4 RE, and away from the center

plane at y = 2 RE, again for case C. For these locations we also show the

azimuthal direction of the field, with = O corresponding to earthward field

and = 180° corresponding to tailvard field. Wte that there are two apparent

neutral sheet crossings at the most tailuard location. Since the location of

the “observations” and t’,eposition of the neuttal sheet at z-O arc fixed in

the model, tl:~ apparent crossing is caused by the dents in the field

structures nenLioned earlier. otherwise the signatures are similar to those of

Figure 8. tily Lhe field does not get as strongly norLhvard and southward.

lhe speed of Lhe pla~moid can be obtained from Figures 10 and 11 for the

cases C and D, respectively, by the time depender~cy02 Lhe location of neutral

points on the x-axis. The speed in case C is about 600 km/see for a typical

Alfve n speed of 1000 km/see close to the speed of 700 km/see concluded by

Hones ●t al. (1983) whereas it is somewhat lowr in case). The speed in tl,e

model seems to depend on different factors which are not fully understood yet.

Enhancing the l~be density and reducing the resistivity apparently leads to

smaller plasnoid speed.

Ut us summarize the results of this part:

1) We find a cross-tail extent of the reconnection region of about 8 to 15

RE for Lhe nGSL realistic configurations, strongly dependent on the

equilibrium configuration.

2) The field signatures in the near and in the distant tail

similar in many structural details LO those actually observed.

are very
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&. Energy flux and current patterns .

h interesting question is that of the way the energy flows and about its

conversion. Table 2 shows some typical contributions to energy inflow and

outflow around the separator for case C. There arethree contributions

considered here, the Poynting flux S- -!-~ x ~, the kinetic energy flux + $x,
o

and the enthalpy flux (u+p) ~= ~ nkT ~, which represents the convection of

internal, or thermal e:lergyu including deformation effects. The heat flux

cannot ‘be calculated directly in the present model because of the isothermal

assumption. Typical values for each contribution are shown in Table 2 for” the

three spatial directions. The inflow from the z direction consists mainly of

Poynting flux as is expected and the outflow in the x direction, which is much

more intense is mainly convection of thermal and kinetic energy. So far, we

have the typical conversion picture

By looking at the inflow from

significant enthalpy flux, which is

we are used to from two-dimensional theory.

the y direction we see that there is a

more intense than the inflow from, the z

direction, although of course less intense than the outflow.

Another incertisting feature is demonstrated by Figure 12 which shows

velocity vectors in the X,Z plane for case B. The center part of the figure,

which is unfortunately not well to be seen because of too much overlap of the

velocity arrows, represents the normal flow pattern away from the X-line or

separator, marked by the circle. At the boundary of this region tailward from

the separator, however, strong earthward flow occurs. This represents another

inflowing energy flux mainly.along the magnetic field from t-neteil.

The next figures shall demonstrate the typical current patt~?rnconnected

with the plasmoid and the reconnection region around the separator. F!gure 13

shcw projections of Lhe electric current density vectors in cross-seccions of

~he tail at different values of x shown at the right hand side for case l).
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Only the inner part with the plasma sheet is shown in each case. The look

direction is tail~ rd. The top panel is earthward from the separator, the

second one close to the separator, and the two bottom ones are tailward from

the separator. One can see a strong current concentration at tileseparator and

even at some distance tailvard. Earthward from the separator and even more

pronounced in the distant tail Lhe current is deviated around the center

region. In the distant tail the current inside the plasmoid even changes

direction ”causing the earlier mentioned magnetic field “dents”. The same

sig~atures can be found in the simulation with reconnection across the whole

tail, case B (Fig. 14).

kother representation of ~.t)esecurrent signatures is given in Figure 15

which shows contour lines of constant cross-tail current density j for casz B.
Y

The hatched regions correspond to currents flowing in the negative y direction

opposite to the original current. The original cross-tail currenL forms two

layers related to Petschek’s (1964) slow shocks. These current layers are

indeed in8ide the separa~rix as can be seen by comparison with Figure lb which

shows magnetic field lines with the separatrix as dashed lines and the ,current

density maxima for coiistarit x connected by dotted lines. The current layers

coincide with the flow vorticity layers where the plasma flow direction changes

from tailward to earthward, shown in Figure 12.

Tjpical ‘drre,lt deviations in the equatorial x,y plane and seve:al other

paiallel planes are demonstrated by Figure 17 for case C, These deviations

produce earthward currents on the dawn Bide and tailward currents on the dusk

side earthward from the neutral line (dashed line). The same current deviation

i9 also found in t-hecase with reconnection across the whole tail (Figure 18)’.

~is current deviation does not directly lead to field-aligned currents in the

same direction, because there is a rotation of the magnetic fielddirecLion in



-13-

the sane direction as the current deviation (Figur~ 19). A field-aligned

current systen that is actually found in case B is shown in Figure 20 by

contour lines of constant parallel current density in a cross-section of the

ta~.1at x=-8 earthward from the ~eparator, Earthward currents are indicated by ,

sf;lglehatching tailward currents by cross-hatching. ?~e main field-aligned

current systenr in this cross-section has the signatures of so-called region 2

,:urrents(Iijima and potemra, 19’76)as found near the earth, earthward on the

duskside and tailward on the dawnside. They are surrounded by some oppositely

directed currents corresponding to the region 1 currents observed close to the

earth. These currents, however, are smaller ir.magnitude and are not found in

all ollrsimulations.

Figure 21, taken from Hones et al. (1982), demonstrates how the main

field-alip~ed current system is produced in our model. The figure shows

magnetic field lines on the duskside of the tail above the neutral sheet as

seen from the tail in the direction of the earth. Thin lines show the

projections of the field lines into the equatorial plane z=O. We see that at

the X-line the lowest field line closest to the neutral sheet im convected the

most toward the midnight meridian plane Y-O, whereas higher field l~nes are

less affected by this convection,, The inward convection along the X-1ine from

the flanlcsof the tail therefore produces a shear of the magnetic field and it

is this shear that is responsible for the field-aligned currents with the

“region 2“ signatures.

5. Conclusions

Ne have demonstrated the usefulness of MHD simulations in a realistic

three-dimensional magneLotail geometryO I?nergization of the pl:>i,.ddue to

conversion of magnetic into kinetic energy is’ found without any extetnal

driving fotce. l%e computer simulations h~ve produced many additional features
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which can be found in satellite observations in the nagnetotail, most recentiy

by using the ISEE 3 satellite at distances up to 220 RE. A~ong those features

are the spatial limitation of reconnection in the cross-tail y direction, a

finite scale of the plasrnoid structure in the x direction along the tail

usually connected with the appearance of multiple neutral lines, and

filamentary structures of the cross-tail current in the z direction caused by

characteristic current deviations through the edges of the plasrnoid. A

characteristic difference of magnetotail field signatures in the distant tail

with those in the nearer tail as found in the model showed a remarkable

resemblance of actual observations.

The current

discussed “and it

three-dimensional

system of the plasmoid and at the reconnection site were

was demonstrated that velocity shear arising in the

reconnection model produced field-aligned currents with tha

signatures of the observed “region ~II currents. The full observed

field-aligned current system, however, was not obtained, most likely.beca&e

the boundary conditions of the model did not include a realistic interaction of

the maCnetotail

Ack\\owled~ment.

of Energy.

with the solar wind ana with the ionosphere.

This work was performed under the auspices of the U.S. department
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Wble 1. Parameters of the different computer runs

— . .

Plasma sheet Lobe Magnetic
broadening density Reynolds number

Run “ n~ s

A 2 0.25 200
B 1 0.1 200
c 2 0.05 200
n 2 0.25 1000—
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Table 2! Energy inflow and outflow around the separator
(X-line) for case C.

Inflow outflow in x
from’ z from y earthward tailw=rd

(erg/cm2 see) . (erg/cmz see)

Poynting ,021 .018 ● 003 .001
flux

Bulk kinetic .002 .008 .147 .431
energy flux

Enthalpy .006 ●090 .451 .480
f lUX
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Fig. 1 Schemat-ic representation of a quarter tail section used as initial
configuration. Solid lines with arrows represent magnetic field lines in
the midnight meridian plane z-O and on some surface close to the
nagnetopause. The hatched region indicates the plasma sheet.

Fig. 2 Magnetic field lines in the X,Z plane for run A
and Hones (1981).

Fig. 3 Flow vectors and magnetic neutral lines (dotted
for run A. After Birn and Hones (1981).

Fig. 4 Flow vectors and magnetic neutral lines (dotted
for run ?3..

(see text). After Birn

lines) in the x,y plane

lines) in the x,y plane

Fig. 5 Magnetic field lines in the X,Z plane for run B.

Fig. 6 Magnetic field lines in the X,Z plane for run C.

Fig. 7 Magnet~.c field lines in the X,Z plane for run D.

Fig. 8 Evolution of the magnetic field strength (bottom part) and latitude for
run C at different locations indicated in the figure.

Fig. 9 Evolution of the magnetic field latitude longitude , and magnitude
B for run C at different locations indicated f.;the figure.

Fig. 10 f,ocation of neutral points on the x axis as a function of time for
case C. Solid lines depict X point lacations and dashed lines depict. O
point locations (normalized units).

Fig. 11 Location of neutral points on the x axis as a function of time for
cabe D similar to Figure 10.

Fig. 12 Velocity vectors in the X,Z plane at t = 200 (normalized units) for
case B.

Fig. 13 Projections of electric current density vectors for case D in

different cross-sections of the tail as indicated by the locations in x

tailward from the near-earth boundary (normal?.zed units).

Fiqo 14 Projections of electric current density’ vectors for case B in a
similar representation 86 in Figure 13,

Fig. 1S Contour lines of constant croae-tail current denuity ,j in the X,Z
plane xfor cacti B. The hatched regions correspond LO curr nts flowing in
the ne8ative y direction with jy < -0,2 (normalized units).

Fig. 16 Magnetic fieldlines in the X,Z plane at t = 200 for case B. The
dnehed line represcnte the separatrix and the dotted line represents trle

current density maxima for constant x.

Fig, 17 Projections of elec~ric current density vectors in the x,y plane and
several ether planeu as indicated on the risht side for case C.
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Fig. 18 Projections of electric current density vectqrs for case B in the same
representation az in Figure 17. .

Fig. 19 Projections of magnetic field vectors in planes z = const as indicated
in the figure, for case B.

Fis. 20 C0ntOUr9 Of constant field-aligned current density in the ~ro~s-
sectiofix = -8 at,t = 200 (normalized units) for case B; Single hatching
indicates earthward $kow and cross-hatching indicates tailward fkw.

+’4 . uJd@ ~lrs $Jd-d’&LJ ~

Fig. 21 Three-dimensional representation of”magnetic fieldlines after Hones et
al. (198~)0 Projections of the magnetic fieldlines into the x,y plane are
shown by fight” lines.
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